Electronic many-body correlation effects in one-dimensional (1D) systems such as carbon nanotubes have been predicted to modify strongly the nature of photoexcited states 1 . Despite intensive effort 2-29 , however, complete understanding of such phenomena has been hindered by the difficulty of obtaining optical spectra of isolated 1D nanostructures over a wide range of free carrier densities. Here we report the direct measurement of broadband elastic light scattering 30 from individual suspended carbon nanotubes under electrostatic gating conditions. We observe significant shifts in optical transition energies, as well as line broadening, as the carrier density is increased. The results demonstrate the differing role of screening of many-body electronic interactions on the macroscopic and microscopic length scales, a feature inherent to quasi-1D systems. Our findings further demonstrate the possibility of electrical tuning of optical transitions and provide a basis for understanding of various optical phenomena in carbon nanotubes and other quasi-1D systems in the presence of charge carrier doping.
Quantum many-body correlation effects on photon-matter interactions have long been a subject of central importance in condensed-matter physics. Understanding of these effects in quasi-1D systems, where their influence is generally far more pronounced than in bulk materials 31 , has been a focus of particular attention. In this context, single-walled carbon nanotubes (hereafter referred to as nanotubes) provide the ultimate quasi-1D quantum wires. They have diameters on the order of one nanometer and shells of single-atom thickness. Photoexcited electrons and holes in semiconducting nanotubes form stable two-particle excitonic bound states through their mutual Coulomb attraction, with binding energies reaching hundreds of meV [8] [9] [10] . Excitons in nanotubes are therefore highly stable even at room temperature, unlike the case for conventional semiconductor quantum wires. Additionally, one can tune the carrier density and Fermi energy in nanotubes widely by means of electrostatic gating 12, 16, 18, 20, 24 . Nanotubes thus offer an ideal platform for the fundamental studies of the many-body interactions and their impact on the optical spectra of photoexcited quasi-1D systems. Knowledge of the underlying optical response of nanotubes under carrier doping is also of great importance for the development of electrically tunable optoelectronic devices 16 that operate at room temperature and on the nanometer length scale.
In this paper, we demonstrate the direct characterization of the optical transitions as a function of carrier density using a spectroscopic technique capable of accessing individual nanotubes. The approach provides optimal conditions for the identification of many-body effects on optical transitions and for detailed examination of the underlying electron-electron, electron-hole, exciton-electron (hole), and exciton-photon interactions.
Our measurements rely on broadband elastic (Rayleigh) light scattering spectroscopy 21, 30 from individual, suspended carbon nanotubes. The experimental configuration allows for measurement of scattering spectra under conditions of variable electrostatic gating, which provides precise control of the injected charge density. (See Fig. 1a for a schematic representation of the measurement and the Methods Section for further details.) The gate bias is applied between the nanotube and the silicon substrate (see supplementary information S1). Gating induces electron or hole population in the low-lying bands of a semiconducting nanotube, with a corresponding shift in the Fermi energy (shown schematically in Fig. 1b ). Under the application of a gate bias voltage V G to inject charge into the suspended semiconducting nanotube, we observed clear shifts in the peak positions of the S 33 and S 44 transitions, as well as broadening of the features with increasing |V G | (Fig. 2a ). The spectra are analyzed by a fitting procedure using an excitonic description of the nanotube optical response 21 (See Methods). This model generates excellent fits to the experimental scattering spectra ( Fig. 2b ). For clarity, we discuss the results for negative gate bias voltages V G , corresponding to hole doping; the results for electron doping are similar (Supplementary Information S2). We stress that the S 33 and S 44 bands are not directly filled by the injected electrons or holes within the observed range of |V G | (Supplementary Information S1). These carriers reside only within the lowest energy bands ( Fig. 1b ). Thus, simple Pauli blocking effects influence only the S 11 transition. By observing the higher-order S 33 and S 44 transitions, we directly probe the modification of the many-body interactions induced by the free-carrier density.
Our initial characterization of an individual
The experimentally determined shift in the exciton transition energies of the near zigzag semiconducting nanotube as a function of the injected carrier density ρ is presented in Fig. 3a . In order to focus on modifications of the electronic many-body interactions under the gating conditions, we plot the average value of the shifts of S 33 and S 44 peaks, ΔE av . This procedure eliminates any effects from electrostatically-induced strain (see Supplementary Information S3), which causes the two peaks to shift in opposite directions, but does not change their average position 33 . We found that the observed red shift of the exciton energy of the semiconducting nanotube with charge density ρ is reproduced using a power-law function of the form ΔE av = Aρ α (dotted line in Fig. 3a) , with an exponent of α = 0.6 and a prefactor of A = 106 meV⋅nm 0.6 .
In order to understand the origin of the observed peak shifts, we conducted a theoretical study of excitons within the k⋅p approximation 1, 25 The calculation provides a clear perspective on the physical origin of the shift in exciton energy induced by free carriers. As shown in Fig. 3c , the exciton transition energy E ex is determined by
where E sp is a single particle gap between the relevant subbands, Σ is the self-energy correction for the quasi-particle band gap from electron exchange correlations, and E b is the exciton binding energy from the attractive electron-hole interactions. (Here we consider Σ and E b to be positive quantities.) Therefore, the net many-body correction energy E m-b to the single particle gap is E m-b = Σ − E b , and the exciton energy shift due to modified many-body interactions originates from ΔE m-b (=Δ(Σ − E b )), as shown in Our theoretical treatment for the peak shift within the treatment of the BS equation also predicts the exciton line width as the imaginary part of the complex exciton energy (see supplementary information S4). We found, however, that the additional line width is nearly constant for finite carrier densities of ρ > 0.05 e/nm, and the linear increase of the line width is not reproduced. To address this discrepancy with theory, we explored possible contributions of the intervalley (K-K') interactions to the line width that were omitted within the treatment of the k⋅p approximation. (See supplementary information S5.) We find that there are available scattering pathways for photoexcited electron and hole in an electron or hole doped nanotube that satisfy energy-momentum conservation for the intervalley scattering. We treat these processes within second-order perturbation theory, considering possible decay channels as shown in Fig. 4b . Fig. 4c shows the calculated line width broadening (the sum of decay rate of photoexcited electron and hole Γ e + Γ h ) as a function of carrier density ρ, plotted together with the same experimental data shown in Fig. 4a . In good agreement with experiment, we predict nearly linear increases of the line width of S 33 and S 44 transitions. The calculation also
shows that the number of decay channels for photo-excited holes in the S 44 band is smaller than that for S 33 . This explains the counter-intuitive experimental result of a slightly smaller doping-induced broadening of S 44 width than that of S 33 (See supplementary information S5). We therefore attribute the nearly linear broadening of the line width with doping to intervalley scattering processes involving the injected charges ( Fig. 4b ).
Finally, we comment briefly on some practical implications of this study. The observed tunability of the exciton resonance frequency by a full line width for carrier levels on the order of only 0.5 e/nm could be useful for applications as nano-sized, tunable photon detectors or modulators. Furthermore, such tunability of the optical responses may offer the possibility of constructing tunable metamaterials by integration of individual nanotubes in other structures. Our findings are also important for the interpretation of various experimental results related to the optical resonance of nanotubes. In particular, our results imply that one needs to exercise considerable care in making chirality assignment of nanotubes on substrates, where unintentionally doping effects may lead to a significant shift in the measured transitions energies. More broadly, the strong many body effects in these materials imply that their optical response will be significantly modified by carrier density, even in the absence of Pauli blocking effects.
Methods
Sample preparation and device fabrication. We examined individual single-walled carbon nanotubes prepared by ambient chemical vapor deposition methods using a For a nanotube employed in the measurements described in the main text, we observed two distinct peaks at 1.9 and 2.1 eV in the Rayleigh scattering spectrum, and G-mode 
Here χ b is the (frequency-independent) background susceptibility arising from the non-resonant transitions, f is a parameter proportional to the exciton oscillator strength, ω 0 is the resonance frequency, and Γ is the line width of the transition. This fitting procedure has been successfully applied for higher-order Rayleigh scattering peaks of metallic and semiconducting nanotubes 21 . Figure 2 shows the excellent fit of the Rayleigh spectra of the semiconducting nanotube generated using this simple model. To calculate the decay rates and line broadening of the excitonic transitions we consider the process in which a photoexcited electron-hole pair in the third (or fourth) subband scatters with injected electrons or holes in the first subband (Fig. 4b) . The corresponding rates are evaluated within the second order perturbation theory, treating the intervalley scattering pathways shown in Fig. 4b with the same Coulomb parameters as were used for the calculation of the peak shifts. As expected, a peak shift also arises from these intervalley scattering processes. The calculated shift at ρ = 0.42 e/nm (~2.6 meV) is, however, far smaller than the experimental shift (~60 meV) in Fig. 3 
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S1. Evaluation of the gate efficiency and carrier density
The gate efficiency of our nanotube devices determines the relationship between the applied voltage and the physically important induced charge density. We evaluated this quantity using Raman scattering spectroscopy of a chiral metallic nanotube suspended over the same slit where the semiconducting nanotube employed in the measurements described in the main text was located. The line width of the G -Raman mode of chiral metallic carbon nanotubes is known to change systematically as a function of the charge density because of the dependence of the phonon lifetime S1,S2 on the position of the voltage V G . The green curve is a fit to eq. S1-1 for the variation with charge density.
Fermi energy E F . Figure S1 displays the pronounced change in the G -Raman spectra for the different electrostatic gating conditions. The broad background in the spectrum at 0V arises from electronic Raman scattering S3 and has been subtracted out for the line-width analysis.
The inset in Fig. S1 displays the measured gate dependence of the line width of the Gmode (red circles). We fit these data considering the gate-variable electron-phonon coupling S1,S2 , which can be approximated as
(S1-1)
Here Γ 0 and Γ e-ph are constants, E ph is the energy of the Gphonon, and f(T, E F , E) is the Fermi distribution function at temperature T, where we have neglected the effect of the finite temperature on the chemical potential µ and have set µ = E F . In the fit, we assume that the Fermi energy E F in the metallic nanotube is directly proportional to the gate voltage V G . In filling the linearly dispersing metallic band, this assumption is equivalent to that of a direct proportionality between V G and the induced charge density in the nanotube, i.e., as expected for a constant gate capacitance.
From the fit above and the relation ρ = 4E F / π v F for charge density in a metallic band with Fermi velocity v F ≈ 10 6 m/s, we obtain an effective gate capacitance of C G = 0.018e/V·nm. Given the range of applied voltages and the shift in the Fermi level, we are justified in neglecting the effect of quantum capacitance S4 and consider C G to reflect just the geometrical capacitance. We apply this same value for the semiconducting nanotube. The metallic nanotube under study has been assigned as a (18, 3) species. The difference in diameter between this nanotube and our near zigzag semiconducting nanotube employed in the measurements shown in Fig. 2 is only expected to give rise to a difference in geometrical capacitance of ~ 3% with an assumption of its logarithmic dependence on the nanotube diameter. Figure S2 shows the Rayleigh scattering spectra of the semiconducting nanotube employed in the measurements described in the main text for the several positive values of the gating voltage V G corresponding to electron doping. We observed changes similar to those for hole doping shown in Fig. 2a in the main text. The modulation associated with charge injection is thus essentially symmetric for electron and hole doping.
S2. Rayleigh scattering results for electron doping
S3. Evaluation of the effects of strain and electric fields
In our electrostatic gating of a suspended nanotube, the injection of charge leads to electrostatic forces and the generation of axial strain along the nanotube. In order to analyze the effect of strain on the observed peak shifts in the nanotube electronic spectra, we have measured the shift of the Raman 2D (or G') mode simultaneously with Rayleigh scattering measurements. Figure S3 shows the Raman 2D mode spectra of the semiconducting nanotube for various negative gating voltages V G . (Similar changes were observed for positive gate voltages.) The shift of the Raman 2D mode frequency is indicative of applied axial strain S5 . According to an earlier study S5 , a linear shift with axial strain of ~ 40 cm -1 /% can be expected for semiconducting carbon nanotubes. Since the maximum value of the observed 2D mode shift is about -30 cm -1 , the induced strain is inferred to be less than 0.8% at |V G | = 20V. With this amount of strain, theory S6 predicts a shift of S 33 transition energy of about -30 meV, while the observed S 33 red-shift is about -70 meV at |V G | = 20V. Thus, while the effect of strain is not dominant for our spectra, it cannot be neglected.
Here we discuss how we can essentially eliminate the effect of strain from our measurements and can thus directly investigate the role of many-body corrections.
Here we denote the strain-induced peak shift of S ii transition as ΔE ii S(st ) and purely electronic (peak shift from modification of the many-body interactions) contribution as ΔE ii S(el ) . The total peak shift ΔE ii S = ΔE ii S(st ) + ΔE ii S(el ) is the sum of the strain and electronic contributions. According to an earlier study S6 , the strain-induced peak shift for the S 33 and S 44 satisfies ΔE 33 S(st ) = −ΔE 44 S(st ) to a high degree of accuracy. Thus, the average peak shift of the two transitions, 
S4. Theoretical treatment of the doping-induced energy shift of the excitonic transitions
We have analyzed the influence of carrier density on the excitonic transition energies within a k⋅p scheme. The approach involves solving the Bethe-Salpeter (BS) equation S9,S10
Here E is a complex valued quantity, corresponding to the exciton energy and the line width S11 , k and q denote wave vectors, E c(v),k is the single-particle band energy, Σ c(v),k is the self energy of the conduction (valence) band, and K k,k+q is the Coulomb interaction We evaluate the dielectric screening induced by the carrier doping within a static random-phase approximation. The dielectric function is expressed as S9,S10
where q is the wave vector of the external potential, n, m are the band indices that specifies the 1D cutting lines of the nanotube in the graphene Brillouin zone, Π n−m K (K ') (q)
is the polarization function of the K (K') valley, e is the electron charge, and d is the nanotube diameter. V n-m (q) is calculated as specify the energy bands.
S5. Theoretical treatment of the doping-induced broadening of the excitonic transitions
Our theoretical treatment for the peak shift within the k⋅p scheme described in section S4 also predicts the exciton line width as the imaginary part of E in eq. S4-1. We found, however, that the additional line width is nearly constant for finite carrier densities of ρ To address this discrepancy, we explored possible contributions of the intervalley (K-K') interactions to the line width that were omitted within treatment of the k⋅p approximation, as we now discuss.
The scattering rate of a photoexcited carriers due to the doping in electron-doped nanotubes can be expressed within the second order perturbation theory as ( ) ( ) (
